Several kinds of carbon steels and Invar alloys are applied to identify the dependence of transformation volume expansion on transformation plasticity for both diffusive and non-diffusive transformation. It is confirmed by the experiments that the notion of Leblond's model (transformation volume expansion over yield stress of mother phase and transformation plastic coefficient has proportional relationship) appears to be good for both ferrite and martensite transformation. In addition, the experimental results of Invar alloys also support the idea that if the transformation volume expansion is significantly small, the transformation plastic strain becomes small accordingly. It is commonly said that Magee effect (selective martensite variant) plays a main role during martensite transformation. However, for steel treated in this paper, Greenwood-Johnson effect (transformation volume expansion) is also significant for martensite transformation.
Introduction
In the course of steel producing process, high temperature austenite phase slab is rolled to be product shape and size, and at the same time, cooled down at controlled optimum cooling rate to achieve ferrite, pearlite, bainite and martensite mixed phase depending on steel grades. During phase transformation, when stress is applied −even if it is smaller than its yield stress−, remarkable strain occurs ; the behaviour is called transformation plasticity. 1) Transformation plasticity is known to play an important role in steel making processes. For example, in the course of heat treatment process, transformation plastic deformation affects products' shape and residual stress.
2), 3) Hence, it is extremely important to identify the behaviour of transformation plasticity precisely for given steel grades and cooling rates. However, presently, the behaviour and even its mechanism are not fully understood. Therefore, sometimes it is required to conduct many numbers of experiments to identify the phenomenon.
In this paper, several kinds of steel grades are treated to investigate the mechanism of transformation plasticity during both diffusive (ferrite, pearlite) and non-diffusive (martensite) phase transformation.
Existing Mechanism for Explaining Transformation Plasticity
Presently, the dominant mechanism of transformation plasticity is not fully understood, and therefore, several kinds of mechanism explaining transformation plasticity are proposed. Among these are called "Greenwood-Johnson effect", 4) in which the volume expansion during diffusive phase transformation (or contraction during reverse transformation) enhances total macroscopic deformation called transformation plastic strain, and "Magee effect", 5) in which particular martensite orientation is selected with small applied stress. For diffusive transformation, according to the Greenwood-Johnson mechanism, Leblond et. al. 6) modelled transformation plasticity represented by following equation.
(
Where, ε ij tp is transformation plastic strain rate, Δε 1 2 th is transformation volume expansion from phase 1 (mother) to phase 2 (new), σy 1 is a yield stress of phase 1, ξ is volume fraction of phase 2 and sij is applied deviatoric stress. The case dividing by ξ value is set in order to prevent numerical unstable with taking log near zero. 
where, K is a transformation plasticity coefficient. On the other hand, for non-diffusive phase transformation, including martensite transformation, it is said that particular martensite orientation (variant) is selected according to applied stress, and it also fosters total macroscopic strain. This effect is called Magee effect. The effect shows good correspondence with martensite transformation of shape memory alloys. 10) Still, the Greenwood-Johnson effect for non-diffusive transformation remains unclear, for no smaller transformation expansion than diffusive transformation occurs during martensite transformation of steels. It seems that the dominant mechanism is dependent on the chemical composition of alloys and condition of transformation. In this paper, the authors aim to unveil the GreenwoodJohnson effect for not only ferrite transformation but also martensite transformation of steel by applying several kinds of steel grades.
Experimental Procedure to Identify
Transformation Plastic Strain
1 Carbon Steels
Tensile machine with heating and cooling system is developed for identifying transformation plasticity. The Ar jet cooling system, which enables high cooling rates for obtaining martensite phase, is installed in the Instron 8802 fatigue testing machine. In this facility, induction heating is adapted to heat up specimens up to 1300 . It is also important to note that vacuum chamber is necessary for such high temperature ; otherwise, thick layer of oxide scale is generated, which makes it difficult to detect precise temperature. In this paper, the specimen with chemical composition shown in Table 1 −with Japanese industrial standard (JIS) code− are adopted. They are initially heated up to 900 and keep the temperature for 5 minutes in order to obtain fully austenite phase, which is followed by applying small stress ranging from 10MPa to 50MPa. No sooner stress is applied than the specimens are cooled down rapidly. The cooling rates are 8 and 50 /sec at 700 . In the course of cooling procedure, phase transformation from austenite phase to ferrite or martensite phase occurs depending on the cooling rates. During the transformation, one can observe large strain generation depending on the values of applied stress.
2 Fe-Ni-Co Invar alloys
Two types of Invar alloys with chemical composition summarized in Table 2 are adopted. The aim of using Invar alloys is to take advantage of their extremely small transformation volume expansion 11) to determine the Greenwood-Johnson effect of martensite transformation. Fe-25Ni-20Co Invar alloy has its magnetic transformation point at about 500 , and below this temperature, coefficient of thermal expansion decreases significantly. Therefore, the alloy has considerably small transformation volume expansion when it transforms to martensite phase.
Another Invar alloy Fe-27Ni-20Co has Ms point below 0 . It means that the alloy remains austenite phase at room temperature. Hence, special treatment should be taken to obtain martensite phase ; it is called sub-zero cooling. For the purpose of this, the authors introduced a liquid nitrogen direct cooling system into a tensile testing machine (different from the one for carbon steel) to achieve temperature lower than −100 . This temperature is enough lower than Ms point of Fe-27Ni-20Co alloy according to the reference. 11) Maximum cooling rate of this system is about 0.2 /sec. A picture of this apparatus is shown in figure 1 . The specimens are cooled down by liquid Nitrogen during loading and strains are measured at the same time. The authors used strain gauge that is applicable to ultra low temperature. The gauge's thermal expansion is identified beforehand, and the resultant strain is calculated by subtracting the gauge's thermal expansion from its original voltage data. This Invar alloy has tremendously small transformation volume expansion (almost zero). This is because, besides its lowness of Ms point, thermal expansion is tremendously small if the temperature is below magnetic transformation point. This alloy has a value of transformation volume expansion much smaller than that of Fe-25Ni-20Co alloy. 
1 Temperature-Strain Curves
Obtained temperature-strain curves are depicted in figure 2 (a) for S45C carbon steel with natural cooling (ferrite transformation), in (b) for S45C with intense cooling (martensite transformation), in (c) for Fe-25Ni-20Co Invar alloy, and in (d) for Fe-27Ni-20Co Invar alloy. Note that ferrite and pearlite transformation are not distinguished in this paper, because they are both diffusive transformation. The difference of those transformations is not the main topic of this paper.
From figure 2 (a) and (b), when temperature reaches the phase transformation start point, large strain development is observed. These strain values depend on the magnitude of applied stress, even though the applied stress is below yield stress of mother phase.
It should be also noted that the temperature of S45C ferrite (pearlite) transformation in figure 2 (a) rises during phase transformation. This is caused by latent heat generated with phase transformation. The reason why this temperature rising is not observed for martensite transformation in figure 2 (b) , (c), is that the cooling rates for those martensite transformation are enormously faster so that the latent heat is not enough to bring temperatures upward.
From figure 2 (d) , it is observed that the temperature drops below room temperature by liquid nitrogen i.e. sub-zero cooling is performed. The strain value is corrected by subtracting thermal expansion of strain gauge itself, which is preliminary identified. After cooling by liquid nitrogen, temperature returns back to room temperature. During cooling, the phase becomes fully martensite and remains martensite phase even after return back to room temperature. Consequently, the coefficient of thermal expansion during returning back to room temperature (martensite) is different from that of during cooling (austenite). From figure 2 (c) and (d), one can also observe the dependence of applied stress on strain value during phase transformation. This fact says that the Invar alloy shows, although small, transformation plasticity, whereas the transformation expansion is small. As we can see below, the magnitude of transformation plastic strain is one-order smaller than those of carbon steels.
2 Stress-Transformation Plastic Strain Relation
Transformation plastic strain values for each steel grade can be calculated by figure 2 depending on applied stress value. For example, transformation plastic strain of S45C ferrite transformation is the strain difference at 550 between stress-free strain value and the strain value with small applied stress. This calculation is valid only when every single test is carried out under the same temperature history. This is because transformation volume expansion and thermal strain vary significantly with temperature history such as cooling rate. Relations between applied stress and total transformation plastic strain are shown in figure 3 (a) for S45C (ferrite), (b) for S45C (martensite), (c) for Fe-25Ni-20Co, and (d) for Fe27Ni-20Co respectively. Figure 3 shows that the dependence of applied stress on transformation plastic strain is linear when the applied stress is small. In contrast, it is well-known that when applied stress is comparatively high, the strain value is expected to exceed the linear relation. The threshold stress under which this linear relation is satisfied is approximately half the value of yield stress of mother phase.
12) The value of transformation expansion can be determined by strain results under 0MPa applied stress. For Fe-25Ni-20Co and Fe-27Ni-20Co Invar alloys, in spite of its smallness of transformation volume expansion, it shows good proportional relationship between applied stress and transformation plastic strain. From the Leblond model, the proportionality factor between applied stress and total transformation plastic strain can be calculated by integrating equation (1) from transformation start point ξ = 0 to transformation complete point ξ = 1 such that,
The value K is called transformation plasticity coefficient, 2) which is ideally the same value in equation (2) and (3). An approach for making database of transformation plasticity coefficient K is reported these days.
13) The Leblond model indicates that this coefficient has linear relation with transformation expansion (This will be discussed in following section). Therefore, the transformation plasticity coefficient K can be calculated in two ways. One is by Leblond's model as expressed in equation (4) . The other way is using figure 3 and equation (2). By integrating equation (2) from transformation start point ξ = 0 to transformation complete point ξ = 1, one obtains total transformation plastic strain, such that (5) If applied stress is uniaxial, transformation plastic strain can be written in simple form.
Therefore, transformation plasticity coefficient K is a slope of figure 3 . In this paper, the transformation plasticity coefficients calculated by the latter way (equation 6) are denoted by KP (ferrite, pearlite) and KM (martensite).
3 Yield Stresses
Leblond's model indicates that yield stress of mother phase is as important as transformation volume expansion. For the purpose of obtaining stress-strain curves of mother phase of each material, tensile tests under the same temperature history as the tests for transformation plasticity (figure 2) are carried out. The specimens are heated up to 900 , and keep the temperature for 5 minutes. After the 5 minutes, the specimens are cooled down as the same manner (i.e. same cooling rate) of the tests for transformation plasticity. Shortly before transformation start point, tensile tests are carried out. The transformation start points can be determined by stress free temperaturestrain curves. The loading points are carefully determined, for it is assumed that the yield stress is dependent on temperature. It is also important to duplicate the cooling rate, because the yield stress is considered to be affected by cooling rate. If the upper yield point is not clear, then 0.2% proof stress is adopted. The stress-strain curves of S45C (ferrite, pearlite), S45C (martensite), Fe-25Ni-20Co, and Fe-27Ni-20Co are drawn in figure 4 (a), (b) , (c) and (d) respectively. These experiments are carried out at 0.02 (s −1 ) strain rate.
4 Transformation Plasticity Coefficient and its Dependence of Transformation Volume Expansion and Yield stress −Ferrite−
According to the Leblond's model, the proportionality factor between applied stress and total transformation plastic strain is a function of transformation volume expansion and yield stress of mother phase. In this section, these relations of alloys treated in this paper are discussed.
Transformation expansion can be obtained from temperature-strain curves under stress free condition. Although, strictly speaking, these values are not unique for one steel grade. It is because the transformation expansion is a dependent of cooling rate and obtained phase. This is the reason why one has to be careful when carrying out experiments that the temperature history should be exactly the same throughout the experimental sequence of one type of steel grade.
The obtained results of transformation volume expansion, yield stress and transformation plastic coefficient KP are shown in Table 3 . From the data in Table 3 , relation between the parameter 2Δε 1 2/σy and transformation plasticity coefficient KP are depicted in figure 5 . Figure 5 indicates that the relation between the parameter in equation (1) and transformation plasticity coefficients KP is proportional, although the obtained transformation plasticity coefficients KP are much larger than to be expected by equation (1).
5 Transformation Plasticity Coefficient and its Dependence of Transformation Volume Expansion and Yield stress Martensite
Similar to the ferrite transformation, obtained transformation expansion, yield stress and transformation plasticity coefficient KM are shown in Table 4 .
Along with the data shown in Table 4 , the relations between parameter 2Δε 1 2/σy and transformation plasticity coefficient for martensite transformation KM are depicted in figure 6 as the same manner of ferrite transformation. From figure 6, one can observe the proportional relation between transformation volume expansion over yield stress and transformation plasticity coefficient KM. With smaller transformation volume expansion, we have considerable small value of transformation plasticity coefficient for Fe-25Ni-20Co and Fe-27Ni-20Co Invar alloy. The intercept of the approximate line in figure  5 indicates that the influence of Magee effect, whereas the value is a bit smaller than that of the GreenwoodJohnson effect. From this proportional factor, parameter 2Δε 1 2/σy for martensite transformation can be calculated by equation (4) .
Similar to ferrite transformation, the magnitude of the transformation plasticity coefficient KM is slightly larger than that of parameter 2Δε 1 2/σy. Even though, the proportional relation between the parameter and transformation plasticity is satisfied, i.e. the idea of equation (1) is confirmed to be valid. In addition to that, the relationship is rather clear than that of ferrite transformation, thanks to Invar alloys' extreme smallness of transformation volume expansion.
Concluding Remarks
The authors applied several carbon steel grades and Invar alloys to identify the dependence of volume expansion on transformation plasticity for both diffusive and non-diffusive transformation.
For ferrite tranformation, the proportional relation between the parameter 2Δε 1 2/σy and transformation plasticity coefficient KP is confirmed; however, the proportional factor did not correspond to the model when subtracting intercept of linear approximate line.
For martensite transformation, the proportional relation is also confirmed. The proportional factor is slightly smaller than transformation plasticity coefficient KM. The intercept of the approximate line is considered to be a manifestation of the Magee effect.
The experimental results for Invar alloys show that if the transformation volume expansion is significantly small, the transformation plastic strain becomes tremendously small accordingly. It is said that Magee effect (selective martensite variant) plays main role during martensite transformation. However, for several steel grades treated in this paper, transformation volume change affects transformation plastic strain significantly. These results indicate that Greenwood-Johnson effect (transformation expansion) is not negligible during martensite transformation. Table 4 Transformation expansion and transformation plasticity coefficient data for each material (martensite transformation). * Cooling rate at 700 is 8 /sec. * * Cooling rate at 700 is 50 /sec. * * * Cooling rate at 0 is 0.09 /sec.
